A thermally stable, deep-ultraviolet (DUV) photodiode is developed by using tungsten carbide (WC) Schottky and Ti/WC Ohmic contacts for boron-doped homoepitaxial p-type diamond epilayer. Thermal annealing at temperatures lower than 550
Introduction
There has been a strong demand for development of solarblind deep-ultraviolet (DUV) photosensor with excellent thermal stability and reliability. The DUV photosensor is applicable to DUV light sensing for photolithography of advanced Si technology, monitoring and controlling of flame, and detection of biomedical agent. In order to detect the DUV light with wavelength shorter than 280 nm, it is essential to use an extremely robust material without deterioration for long-term DUV illumination. Semiconductor diamond with wide band-gap of 5.5 eV is one of attractive candidates for development of such the photosensor since the diamond has a weak photosensitivity in the visible wavelength range (solar blindness) and a high photosensitivity in the DUV wavelength range.
Challenges for developing the diamond DUV photosensor have been reported by several research groups. However, most of work was on the photosensor with a metal-semiconductor-metal (MSM) structure fabricated on polycrystalline diamond films. [1] [2] [3] [4] [5] In contrast, little progress has been made on a Schottky photodiode.
6) The photoconductivity mechanism of Schottky photodiode is based on the light absorption in the depletion region beneath the Schottky contact metal. In general, the Schottky photodiode is expected to provide advantages of low leakage current, low noise level, zero-bias operation, and high quantum efficiency.
In order to develop the thermally-stable photodiode, fabrication of the Schottky contact with good thermal stability is crucial. Most of the existing Schottky contacts for diamond suffer from thermal instability under high temperature impact, which hinders the exploit of the full potential of diamond devices. A guideline for developing the thermally-stable Schottky contact is to search a metal compound nonreacted with diamond at elevated temperatrures. 7) Refractory transition metal carbides possess high mechanical robustness, low electrical resistivity ($1 Â 10 À6 Ám), high melting point, good resistance to oxidation, and excellent thermal stability. Since the reaction between these materials and diamond can be refrained at high temperatures due to their chemical inertness, the refractory metal carbide is a promising candidate of thermally-stable Schottky contact for diamond.
The purpose of the present paper is to develop the solarblind DUV diamond photosensor with excellent thermal stability. We selected a tungsten carbide (WC) as the Schottky contact and a top layer of Ohmic contact for pdiamond epilayer since WC is one of the most thermallystable carbides.
Experimental
The diamond epilayer used for Schottky photodiode was homoepitaxially grown on Ib-type diamond (100) substrate (synthesized by a high-pressure and high-temperature [HPHT] method) by using a microwave plasma-enhanced chemical vapor deposition technique. The dimension of the substrate was 2:5 Â 2:5 Â 0:5 mm. The concentration of CH 4 source was 0.08 vol% diluted with H 2 . Boron doping was carried out using trimethylboron [B(CH 3 ) 3 ,TMB] as a source gas to grow a p-type diamond epilayer. The typical growth parameters were as follows, a total gas pressure of 50 Torr, a H 2 gas flow rate of 500 sccm, a substrate temperature of 800 C, and a TMB/CH 4 concentration ratio of 2.5 ppm. The growth time was 5 h, and thickness of the epilayer was estimated to be 0.3 mm. Prior to fabricating the device, the surface of the diamond epilayer was oxidized in a boling acid solution of H 2 SO 4 and HNO 3 to remove the surface conductive hydrogenated layers.
A standard photolithographic technique was used for the photodiode fabrication, and the metal contacts were deposited by a sputter-deposition technique using a system with a base pressure of 10 À7 Pa. A Ti layer with a thickness of 40 nm followed by a WC protection cap layer with a thickness of 30 nm was deposited on the diamond epilayer using Ti and WC targets, respectively. After lifting off the photoresist, the Ti/WC contact (where a slash ''/'' shows deposition sequence) was annealed at 600 C for 1 h in an argon ambient to obtain low-resistance Ohmic contact. 7) A semi-transparent WC Schottky contact with a nominal thickness of 3 nm was deposited on a defined circle pattern with a diameter of 400 mm. The interspacing between the Schottky and Ohmic contacts was 10 and 20 mm. Figures 1(a) and (b) show a schematic drawing of diamond photodiode and a plan view micrograph, respectively. The WC thin films were also deposited on Si(111) and sapphire (0001) substrates for measuring the composition and electrical resistivity. The asdeposited WC thin film was found to have the composition close to stoichiometry from energy-dispersion X-ray analysis, and a metallic resistivity of around 2 Â 10 À6 Ám. To investigate the thermal stability, the photodiode was annealed in an ambient of argon at temperatures ranging from 200 to 550 C for various time durations. The current-voltage (I-V) characteristics were measured in a vacuum chamber at a pressure of 0.1 Pa by a two-point probe method. The photoresponse properties were measured by illuminating monochromatic light with wavelength in the range between 215 to 630 nm using a 200 W xenon-mercury lamp. The incident light power was calibrated by a UVenhanced Si photodiode. Figure 2 shows the I-V characteristics of WC Schottky photodiode before and after annealing at a temperature of 550 C for 1.5 h. The photodiode shows an extremely-low leakage current in the reverse bias mode beyond our system detection limit of 10 À14 A before annealing and reaches a level of 10 À11 A after annealing. Note that a rectifying ratio as large as 10
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6 at AE5 V is obtained after annealing. In order to analyze the I-V curve, the current in the forward bias mode was fitted by the thermionic emission theory,
where A, A Ã , q B , k B T, q, and n are the diode area, Richardson constant (9:6 Â 10 5 AÁm À2 ÁK À2 by taking the hole effective mass of 0.8m 0 ), the Schottky barrier height, thermal energy, electron charge, and the ideality factor, respectively. Figure 3 shows n and q B values evaluated by eq. (1) as a function of annealing temperatures and times. The n and q B values before annealing are evaluated to be 7.1 and 1.1 eV, respectively. Annealing at temperatures below 300 C did not influence the electric properties (the data were not shown in the figure). On the other hand, after annealing at 500 C for 1 h, the n value decreases to 3.2. Upon subsequent annealing at 550 C for 0.5 h, the n value decreases further to 2.2, while q B changes little (1.04 eV). Note that n ¼ 2:1 and q B ¼ 1:05 eV remains almost constant during isothermal annealing at 550 C for 2.5 h. The I-V characteristics indicate that the Schottky contact interface between WC and pdiamond is significantly improved through annealing at C. Since the photodiode shows excellent rectifying behavior after annealing up to 550 C, we conclude that the pdiamond/WC interface is thermally stable. Figure 4 depicts dark current and photocurrent at a reverse bias of 20 V for various annealing temperatures and times, where the illumination was made using 220 nm light with a power intensity of 0.26 W/m 2 . The photocurrent after annealing at 500 and 550 C is more than four orders of magnitude larger than that in dark case. In comparison with the as-fabricated photodiode, the photocurrent after annealing is enhanced dramatically by a factor of 3 Â 10 4 . No deterioration of the photocurrent was observed after isothermal annealing at 550 C for 2.5 h, which indicates that diamond/WC Schottky photodiode exhibits thermally-stable photoresponse property. Figure 5 shows spectral photoresponsivity of the photodiode after annealing at 550 C for 1.5 h, where the applied reverse bias was 1 V and the dark current was 10
À12 A. The photodiode shows a significant discrimination between DUV and visible light with a contrast ratio (named by DUV/ visible-blind ratio) about five orders of magnitude. The photocurrent due to the band edge absorption close to 225 nm is observed, as detailed in the inset of Fig. 5 . The cut-off wavelength of the photocurrent is at 260-270 nm. To examine the origin of this photocurrent, we fabricated a Schottky photodiode directly on a Ib diamond (100) substrate using the same process. The photocurrent from such the photodiode is very low (around 10 À11 A), and the response spectrum is similar to an open literature. 9) Therefore, the photocurrent with cut-off wavelength of 260-270 nm should not come from a single Ib diamond substrate. The origin of this absorption is not understood at the moment. It is probably related to a trap center of nitrogen or its complex, 10) where the nitrogen may be incorporated from the diamond deposition system or the substrate.
A responsivity of 0.99 A/W is obtained from Fig. 5 at 220 nm. Since the ideal responsivity is evaluated to be 0.18 A/W assuming that the quantum efficiency is 100%, the photodiode is found to provide a gain. This is not the case for an ideal Schottky photodiode.
11) The mechanism of the gain is believed to be due to the existence of trap centers in the pdiamond layer or the diamond/WC interface.
Finally, we note that the Ib diamond substrate can affect the spectral photoresponse of the thin film photodiode if the large reverse bias is applied. High electric field is predicted to enhance the contribution of photo-generated carriers from the substrate to the photocurrent, which provides visible light absorption. This can be overcome simply by controlling the applied bias. In contrast to the previous photodiode, 6) ours can be operated at much lower voltages. However, a drawback of the WC Schottky photodiode is the appearance of persistent photoconductivity, which was also reported on polycrystalline diamond. 12, 13) Elimination of this negative effect will be essential for developing the photodiode with high-speed response.
Conclusion
We developed the thermally-stable visible-blind photodiode using the WC Schottky and Ti/WC Ohmic contacts to the homoepitaxially-grown p-diamond epilayer. By virtue of the extreme properties of WC, the diamond Schottky photodiode was able to withstand high temperature annealing up to 550 C. Annealing at temperatures higher than 500 C enhanced the DUV responsivity dramatically without deteriorating the good rectification properties of the photodiode. A DUV/visible-blind ratio as large as 10 5 was achieved. Our work opened an avenue for developing thermally-stable diamond Schottky photodiode. 
